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F low-diverter devices were originally reported to modify and redirect flow as a treatment option for wide-neck aneurysms. 1, 2, 10, [14] [15] [16] 26 The Pipeline Embolization Device (PED; ev3 Neurovascular) has been approved specifically to treat large, wide-neck proximal internal carotid artery (ICA) aneurysms at the cavernous ICA and ophthalmic artery segments as a sole device. 1, 16 There are few published descriptions of the concurrent use of PEDs and coils. 8, 21, 24 A detailed and specific description of this technique, as well as its benefits and limitations has not as yet been presented in the current literature.
In a multicenter study of the use of PEDs for aneurysms that cannot be treated with coils or aneurysms for which treatment has failed (the Pipeline for Uncoilable or Failed Aneurysms study), where PEDs were used as a sole endovascular device (without concurrent coiling), the mean number of PEDs used was 3, and 98.1% of the patients received more than 1 PED. 1 In another large series of patients treated using PEDs as the sole device, the mean number of PEDs per patient was 1.7. 21 Our treatment paradigm focused on the reduction in the number of PEDs used per aneurysm, while simultaneously achieving rapid and com-plete aneurysm obliteration with the simultaneous addition of a partially dense coil mass. We have analyzed this technique in respect to aneurysm occlusion rates, timing of occlusion, and procedural complications. We have also reviewed and quantified immediate results and midterm clinical and angiographic outcomes. methods This is a retrospective analysis of patients who were treated for intracranial aneurysms between 2011 and 2014 at our institution. Intuitional review board approval was received. In this cohort, we aimed to treat the aneurysm with a single PED across the aneurysm neck. In cases in which a second PED was used, most were deployed to achieve proximal anchoring of the first PED due to lack of proper wall apposition as a result of the caliber difference between the parent vessel at the aneurysm neck and at the proximal landing zone. Subsequent to PED placement, we proceeded to embolize the aneurysm with a partially dense coil mass after "jailing" a microcatheter in the aneurysmal sac.
preoperative protocol
All patients were started on dual antiplatelet therapy that included 75 mg clopidogrel and 81 mg aspirin between 5 and 7 days prior to the procedure. A P2Y12 assay (VerifyNow, Accumetrics) was obtained in all patients 1 day prior to the procedure to evaluate and confirm the level of platelet inhibition obtained by the dual antiplatelet regimen. Treatment was performed only after confirmation of response to these agents (< 180 P2Y12 reaction units [PRU] ). Patients who demonstrated higher levels of PRU were treated with 150 mg clopidogrel, and a second PRU level was obtained on the day of the procedure. Patients who did not respond to clopidogrel were treated with Effient (10 mg), and were then reevaluated by PRU assays. Treatment for hyporesponsive patients was cancelled and rescheduled after an appropriate and acceptable response to the antiplatelet treatment was determined. In cases in which we recognized a hyperresponding assay, we continued with the procedure as scheduled.
Four-vessel diagnostic angiography was performed in all patients, and 3D reconstructed images were created. In cases in which we planned to extend the PED into the M 1 segment with covering of the A 1 segment origin, 17 a thorough bilateral angiographic assessment of flow dynamics in the anterior circle of Willis was performed.
interventional procedure
All embolization procedures were performed via a standard transfemoral approach under full heparinization. The specific dimensions of the PED were chosen for each case after quantitation of the size of the aneurysmal neck and parent vessel diameter at the level of the aneurysmal neck and at the level of the landing zones. We attempted to match the size of the nominal PED diameter relative to the proximal landing zone and to the diameter of the parent vessel at the aneurysmal neck to maximize flow diversion. 22 An 8-F sheath was used. We used a triaxial system with an 8-F guiding catheter, an intermediate catheter (DAC 0.44/115, Stryker Neurovascular) and the Marksman microcatheter (ev3 Neurovascular) to deliver the PED. After positioning the microcatheter distal to the aneurysmal neck, we navigated a second microcatheter, parallel to the DAC, into the aneurysm sac to subsequently deploy coils via this "jailed" microcatheter. After deployment of the PED we continued with coil embolization, with the objective to achieve only a partially dense coil mass within the aneurysmal sac, without maximal packing and without total occlusion of the neck bridged by the PED (Figs. 1-3 ).
We used the Raymond classification system 20 to assess the angiographic immediate post embolization result.
postprocedural management and Follow-up
We used short-term (4-5 days) low-dose steroid treatment in the periprocedural period. Clopidogrel was discontinued soon after MR angiography (MRA) demonstrated complete occlusion (4-5 months).
We used a strict clinical and imaging follow-up protocol for the patients in our cohort. Follow-up imaging was performed using MRA in a high-field magnet, with and without contrast, at 3 months postembolization to assess aneurysm occlusion. 7, 28, 30 Review of source images, without and with contrast, was performed to assess ischemic territories or increased mass effect when clinical symptoms were absent. These images were compared with baseline studies. Formal cerebral angiography was also performed 6-12 months after the procedure. We used the Raymond classification to assess the angiographic results and compared them with the immediate postprocedural results. We elected to grade the occlusion grade in the immediate postembolization and midterm follow-up studies using the Raymond classification system and not the O'Kelly classification system, 19 as we relied not only on flow diversion for aneurysmal occlusion, but on the combination of flow diversion augmented with coils. Two independent neuroradiologists evaluated follow-up images.
Immediate (3-5 months postprocedure) and midterm (9-12 months postprocedure) clinical examinations and assessments were also reviewed, utilizing the modified Rankin Scale. All patients with proximal carotid aneurysms underwent pre-and postprocedure (at 4-6 weeks) formal neuroophthalmological evaluations.
results patient demographics and aneurysm characteristics
Twenty-seven patients with 28 aneurysms were included in the current study and were treated between 2011 and 2014 with the combination of PEDs and concurrent use of coils. There were 26 female patients in the cohort. The median age was 51 years (range 31-78 years) ( Table  1 ). The aneurysms sites are documented in Table 2 . Two patients (7.4%) presented with subarachnoid hemorrhage and were treated with partial coiling in the acute phase. A PED was then deployed in the subacute phase (one at 3 weeks and the other at 3 months after the rupture) in these 2 patients to achieve complete occlusion. Twenty-five patients with unruptured aneurysms presented with normal findings on neurological examination (modified Rankin Scale [mRS] Score 0). The 2 patients with previously ruptured aneurysms recovered completely and presented with normal neurological function (mRS Score 0) at the time of the stent procedure.
The mean maximal aneurysm sac diameter was 11.9 mm (median 10.3 mm, range 4.2-31 mm). The mean neck size was 5.4 mm (median 5 mm, range 3-14 mm), with 22 (78.6%) wide-neck aneurysms (≥ 4 mm or dome/neck ratio ≤ 2). There were 13 small aneurysms (< 10 mm), 13 large aneurysms (10-24 mm; in this group 3 were larger than 15 mm) and 2 giant aneurysms (> 25 mm) ( Fig. 1 ). Of note, in this cohort, small aneurysms were treated with the PED as an off-label device.
procedural and postprocedural results
In our cohort, 1-3 PEDs (mean 1.33) were deployed across aneurysm necks (19 patients [70.4%] were treated with a single PED across the neck). Overall, 17 patients (63%) received a single PED, 7 patients (25.9%) received 2 PEDs, and 3 patients (11.1%) received 3 PEDs.
Ten patients received more than 1 PED. Three patients underwent placement of another PED (which did not cross the aneurysm neck) to achieve better anchoring of the first PED in light of caliber differences between the cavernous ICA and supraclinoid ICA. In 7 patients, a second PED was intentionally deployed across aneurysm necks; in 6 patients the neck was excessively wide (mean neck size 7.5 mm, range 5-14 mm) and in 1 patient retreatment was performed after failure of previous (non-PED) stent-assisted coiling.
All PED deployments were successful. The "jailing" technique of a microcatheter in the aneurysmal sac used for coil deployment did not create any complications or technical difficulties in subsequent PED deployment.
In accordance with our goal of achieving only a partially dense coil mass, there were 23 aneurysms (82.1%) in which either Raymond Grade 2 or 3 occlusion was achieved. In 5 patients (17.9%) Raymond Grade 1 aneurysmal occlusion was achieved. There were 2 patients in whom we delivered a very small number of coils to achieve our primary goal of creating a partially dense coil mass within the aneurysmal sac. This was our strategy because of instability of the "jailed" microcatheter in the aneurysm, which had a shallow aneurysmal dome associated with a wide neck (Fig. 2) .
Clinically, all patients were stable in the immediate postprocedural period without any new neurological deficits. There were no hemorrhagic, thromboembolic, or ischemic complications, and none were due to local mass effect.
Follow-up results
Twenty-three patients (85.2%) with 24 aneurysms underwent angiographic follow-up (3 have yet to reach any imaging milestones). All of these patients (100%) demon-strated complete occlusion on follow-up imaging. Twentytwo patients with 23 aneurysms (91.7% of the patients who reached their MRA follow-up milestone) who underwent short-term (mean 3.4 months, median 3 months, range 3-5 months) MRI/MRA follow-up demonstrated complete occlusion of the aneurysm (Fig. 1 ). There were no radiographic signs of ischemia. Fourteen patients with 15 aneurysms (87.5% of the patients who reached their formal angiographic follow-up milestone) underwent midterm follow-up angiography (mean 9.4 months, median 9.5 months, range 5-13 months). All of these patients demonstrated complete aneurysmal occlusion. We did not notice or measure any in-stent stenosis on follow-up digital subtraction angiography in any of the patients in our cohort.
All patients maintained their baseline clinical status during the follow-up period (mean 10.3 months, median 11 months, range 1-25 months) without any new neurological deficits and maintained an mRS score of 0. No new neuroophthalmological deficits were observed.
discussion
The use of PEDs has become a common treatment option for intracranial aneurysms. 1, 2, 4, 5, 9, 21, 29, 31 The use of PEDs has been typically described as a sole endovascular treatment paradigm to treat large, wide-neck aneurysms in the proximal supraclinoid ICA. 1, 5, 21 The techniques and indications for PED usage continue to evolve. Recently, the utility of PEDs was described in more distal vascular locations, such as the middle cerebral artery and anterior cerebral artery and in the posterior circulation territories. 21, 27, 29, 31 We report the safe and efficacious utility of PED deployment with concurrent simultaneous partially dense coiling of the aneurysmal sac for treatment of various intracranial aneurysms.
Based on our results, we believe that total packing of the aneurysmal sac in the setting of immediate placement of a PED is not required. Packing density is well recognized as a predicting factor for persistent aneurysm occlusion. 20 Large and wide-neck aneurysms, however, demonstrate high rates of recanalization despite dense packing even in the setting of standard stent deployment across the neck. 3 We hypothesize that the low porosity of the PED, compared with standard stents, may allow for a significant reduction of the packing density of the coil mass in the aneurysm with the achievement of complete long-term occlusion.
There are several clear and distinct benefits derived from this approach. Subtotal sac packing reduces the need to coil directly down to and across the aneurysm neck; thus, it reduces the risk of coils protruding into the parent vessel subjacent to the PED. This aspect of the treatment therefore becomes less technically challenging with increased safety, particularly at the level of the aneurysm neck. 13, 25 In our series, all cases demonstrated complete and rapid aneurysm occlusion visualized on early MRA (3-5 months), and 100% of patients who reached the milestone demonstrated complete aneurysmal occlusion on midterm formal cerebral angiographic follow-up.
Our treatment paradigm is not completely novel. The use of PEDs and coils has been previously described (Table 3) . 1, 6, 8, 10, [14] [15] [16] 18, 21, 24, 26 The rate of this treatment paradigm in series that describe the use of PEDs is variable (0.9%-51.6%); however, no homogeneous larger series using the exclusive combination of PEDs and coils has been described. The various series cited in the literature did describe cases of combined treatment; however, only 1 series described the combined technique in multiple cases (9 cases, 47% of that series) and then further provided the occlusion rates of this subgroup as well as associated complications. The use of PEDs with the addition of coils has been described by Siddiqui et al. 24 for the treatment of a giant MCA aneurysm. Their patient, who was treated with 2 PEDs and a dense coil mass, experienced acute postprocedural thrombosis of the PED. The authors suggested that this likely occurred due to the mass effect and thrombogenicity of the dense coil mass. Based on these findings the authors proposed the placement of a less dense coil mass in addition to PEDs for the treatment of large or giant distal intracranial aneurysms. 24 Despite utilizing coils in the aneurysm sac, we did not observe any early or delayed mass effect in our cohort (including 2 giant aneurysms and 3 aneurysms larger than 15 mm), inclusive of any signs of optic pathway compression. In our experience, subtotal packing with concurrent PED deployment may allow for early thrombosis and future size reduction of the aneurysm sac. According to most series in the literature, there has been a need to use multiple PEDs to achieve significant flow diversion and flow reduction in an aneurysm sac, especially when large and giant aneurysms are treated. 1, 21 With treatment using multiple PEDs, the rate of incomplete occlusion during the follow-up period has been as high as 5.6%-13.2%, 1, 21 and the rate of retreatment has been noted to be 3.2%-7.9%. 10, [14] [15] [16] 21, 26 The rate of complete occlusion of aneurysms treated with PEDs as a sole endovascular device at 6-month follow-up ranges between 52% and 94.4%. 10, [14] [15] [16] 21, 26 With our treatment paradigm, utilizing a mean of 1.33 PEDs per aneurysm concurrently with subtotal coiling, we noted a high and early complete occlusion rate.
We attempted to deploy the least number of PEDs in each case to reduce the amount of intimal coverage in the parent vessel. This paradigm addresses possible complications of deployment of multiple PEDs, such as malalignment of multiple PEDs, early stent thrombosis, and future in-stent stenosis. The deployment of multiple PEDs can be challenging in respect to accurate stent landing zones and verification of perfect alignment in the presence of tortuous vascular anatomy and acute curves in the parent vessel. The PED size used is determined by the vessel diameter at the level of the neck and at the desired level of the proximal landing zone. The goal is to achieve maximal metallic coverage and the lowest porosity to maximize flow diversion. 22 In certain cases an additional PED is required to match diameter discrepancies in the proximal landing zone.
The use of a single PED is clearly beneficial for the treatment of aneurysms in the vicinity of perforators. Our treatment paradigm enabled us to use a single PED across critical end-arteries such as the anterior choroidal artery and the medial lenticulostriate arteries (Fig. 4) . 18 The ability to effectively use a single PED increases the safety of treatment and reduces potential ischemic events in the setting of early and complete aneurysm occlusion. Additionally, when reviewing our entire cohort, the use of fewer PEDs allowed us to shorten the duration of dual antiplatelet therapy.
Hemorrhagic complications after PED deployment have been previously described at an incidence of 1.6%-5.6% in several retrospective reviews. 10, [14] [15] [16] 21, 26 In our cohort, with utilization of our treatment paradigm, we did not experience any similar morbidity or mortality, such as hemorrhagic complications or delayed aneurysmal rupture. Critical changes in intraaneurysmal flow and pressure may be the basis of these positive results.
When using PEDs alone as a treatment modality, large and giant aneurysms may need a longer time to completely occlude. 21 Thus, these aneurysms are still at risk for rupture in the follow-up period prior to total occlusion. Several recently published computational and in vitro fluid dynamic models have quantitated intraaneurysmal pressure changes. PEDs have been reported to induce reductions in intraaneurysmal pressures of only 2-10 mm Hg despite the flow velocity changes. 11, 12, 23 The authors concluded that in a nonthrombosed aneurysm or in an aneurysm with delayed thrombosis, the intraaneurysmal pressure remains essentially unchanged regardless of the amount of the intraaneurysmal flow velocity reduction induced by the PED. 23 Established long-term experience with aneurysms occluded by coils demonstrates prevention of hemorrhage after dense packing of the aneurysm. This may be suggestive of changes in the intraaneurysmal flow velocities and pressures. With our technique of subtotal coiling with concurrent placement of PEDs, we have combined the effects of the 2 modalities, presumably modifying the flow dynamics and pressure profiles within the aneurysm sac. This is correlated with excellent short-term complete occlusion rates without any incidence of delayed ruptures.
study limitations
Our study comprises 27 patients harboring 28 aneurysms. This is a relatively small series, and our maximal clinical and radiographic follow-up is midterm. Thus, our results need to be further substantiated by ongoing data collection analysis and larger numbers of patients. Our technique may be problematic in respect to the evaluation of wall apposition immediately post-PED deployment in the angiography suite using DynaCT angiography, as the coil mass induces an obscuring artifact at the level of the PED.
conclusions
We found that the deployment of a minimal number of PEDs with the concurrent use of subtotal aneurysm packing with coils achieved early aneurysm occlusion rates with favorable midterm clinical and angiographic outcomes. There were no intraprocedural complications. The use of concurrent coiling to achieve a partially dense coil mass may assist in reducing the number of PEDs deployed, thus allowing for safer treatments and earlier time intervals to complete occlusion. The technique proposed has the potential to reduce the rate of hemorrhagic complications due to delayed aneurysmal rupture and thromboembolic events. Early complete occlusion and less intimal coverage in the parent vessel may shorten the need for prolonged dual antiplatelet therapy.
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The authors thank Mr. Robert Ferrara for his professional support and advice. references Fig. 4 . a: Three-dimensional angiographic reconstruction of an anterior choroidal artery wide-neck aneurysm. b: Postembolization injection after deployment of a single PED and concurrent embolization with a partially dense coil mass. Note residual contrast filling of the neck at the origin of the anterior choroidal artery (arrow). c: Follow-up angiogram obtained 6 months after the procedure, demonstrating complete aneurysm occlusion, with patency of the anterior choroidal artery (arrow).
